Supplementary Methods

Molecular dynamics simulations
We have constructed the system by embedding the PSII complex (PDBID:3ARC 1 )
into the membrane. To smooth the contact between the membrane and the protein, we performed a 10000-steps energy minimization with the steepest descent algorithm 2 by freezing the PSII complex. Furthermore, another 5000 steps energy minimization was performed for the whole system. Next, to further relax the lipids surrounding the PSII complex, position restrain with a force constant of 10 kJmol -1 Å -2 was enforced on all the heavy atoms of the PSII complex and the whole system was simulated for 5ns
under NVT ensemble (T=300 or 77K), followed by another 10ns simulation under NPT ensemble (T=300 or 77K and P=1bar). Afterwards, the restrain was released and Molecular dynamics (MD) simulations were performed for PSII in the POPC membrane at both 300K and 77K under the NPT ensemble. At each temperature, five independent simulations were performed starting from the last configuration of the position restraint simulation with different initial velocities. We save the snapshots every 20ps. In the NPT simulations, we applied V-rescale thermostat 3 and ParrinelloRahman barostat 4 with the coupling time constant of 0.1ps and 2.0ps, respectively.
The long-range electrostatic interactions beyond the cut-off at 12Å were treated with the Particle-Mesh Ewald (PME) method 5 . The Lennard-Jones interactions were smoothly switched off from 10Å to 11Å. The neighbors list was updated every 10
steps. An integration time step of 2.0ps was used and the LINCS algorithm 6 was applied to constrain all the bonds.
To examine if our MD simulations are sufficiently long to provide a reasonable structural ensemble, we have extended two of our MD simulations to 100ns at 300K
(system size ~580,000 atoms). The RMSDs of both protein and cofactors with respect to the crystal structure reaches plateau of ~1.7Å at around 20ns, indicating the system is fully equilibrated (see Supplementary Fig. 1a-b) . To calculate the RMSD of cofactors (see Fig. 2a and Supplementary Fig. 1b ), we first make the alignment of the MD conformations to the crystal structure using the C α atoms of protein and then calculated the RMSD of the individual co-factors compared to their conformations in the crystal structure. To check the equilibrium of the system, we have left out the tail region of the cofactors in the RMSD calculations ( Supplementary Fig. 1b ) since they are high flexible, but have little effect on the site energy calculations 7, 8 .
In order to compare with the experimental results, we also performed MD simulations of the Thr179Glu mutant. The mutation of Thr to Glu is modeled with PYMOL 9 based on the last frame from the wildtype positive restraint simulation. To allow the structural relaxation of Glu, a 1000-step energy minimization was performed with the steepest descent algorithm 2 followed by a 100ps NVT simulation (T=300K) by only allowing the Glu residue to move. We next performed a 5000-steps energy minimization with the whole system flexible. Finally we performed a 20ns production MD simulation under NPT ensemble (T=300K and P=1bar) with the temperature annealing from 50K to 300K at the first nanosecond. All other parameters for the MD simulations are identical with the wildtype simulations.
Site energy calculations
We . Previous studies have shown that the lipids' major role is in structural assembly and the placement of reduced plastoquinone, but not in determining the electron transfer pathway in the reaction center [25] [26] [27] [28] [29] . In addition, different crystal structures contain different composition of lipids depending on the organisms and crystallography condition [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Therefore, we did not include the contributions of lipids to the excitation energies.
In order to elucidate the contributions of different components to the excitation energy, we have also performed separate calculations by only considering point charges from sub-groups of atoms in the environment such as protein, cofactors, waters, charged residues and neutral residues. As shown in Fig. 5 and Table 1 , the charged protein residues play a critical role to stabilize the excitation of CLA606.
The above observation that the presence of charged resides in proximity to CLA606
can greatly alter its excitation energy has been found by previous site-directed mutagenesis experiments. For example, Thr179 forms interactions with CLA606 through a bridging water molecule (see Fig. 2c ). When the neutral Thr179 is mutated to the charged Glu, there is a blue shift of ~1nm in the absorption difference spectrum 17 , indicating a higher excitation energy of CLA606. We have performed mutant MD simulations and site energy calculations. Our results show that the site energy of CLA606 is indeed raised by ~0.005eV in the mutant system, though there is a large uncertainty (with the standard deviation of ~0.02eV) in our site energy calculations. These results also confirm that alternation of charge environment especially the presence of charged residues could substantially tune the site energy of CLA606. In previous studies, the Thr179His mutant has also been found to greatly alter the site energy of CLA606 17, 18 . This effect is suggested to be largely caused by the dispersion interactions 17, 18 , which is not considered in our QM/MM calculations where the protein environment is treated as the point charge cloud.
In order to pinpoint specific charged residues that may largely affect the excitation energy of CLA606, we have performed additional calculations by only including point charges from each individual residue within 22Å cut-off in the MM region.
From these calculations, we have identified seven residues that could lower the site energy of CLA606 by over 0.0035eV, and all these residues are charged (see Fig. 6a ).
We performed further calculations by separately mutating each of these seven charged residues to alanine (Ala) to mimic the mutagenesis experiment. In these calculations, we adopted a residue-based cut-off in the MM region, i.e. those residues with their center of mass (averaged over all the MD conformations) lies within the 22 Å cut-off were included in the MM region. To model each mutant, we simply replaced the point charges for the residue in the wildtype to those in Ala. We found that all the seven single mutants are able to raise the site energy of CLA606 at a certain extend (see Fig.   6b ). Interestingly, if one collects the effect of these seven single mutants, the site energy CLA606 is raised to the similar level of its counterpart CLA607 in the inactive chain (see "CLA606-collective" in Fig. 6b ). These results demonstrated that these seven residues play an essential role and work collectively to stabilize the excitation energy of CLA606.
In order to validate the site energies obtained from ZINDO/S, we have employed the Time-Dependent Density Functional Theory (TDDFT) in our QM/MM scheme for the site energy calculations. To select the proper density functional in the TDDFT calculations, we have first compared the computed the Q y excitation energy of the chlorophyll-a in diethyl ether using different density functionals to the experimental value 19 . In particular, we have selected four density functionals that have been previously applied for site energy calculations of cofactors [20] [21] [22] [23] : B3LYP, B3PW91, cam-B3LYP, and LC-wPBE. The initial conformation was taken from the small crystal structure of chlorophyll-a 24 followed by an energy optimization using B3LYP/6-31G(d). Our results show that LC-wPBE (1.93eV) has the best agreement with the experimental value (1.87eV). While the site energies obtained using B3LYP (2.10eV) and B3PW91 (2.11eV) are substantially higher than the experimental value.
The value from cam-B3LYP (2.05eV) shows better agreement with experiment than B3LYP and B3PW91, but still produces a noticeable higher value than the experiment.
Therefore, we have selected LC-wPBE for our further TDDFT calculations. All the calculations are performed using the 6-31G(d) basis set.
As shown in Supplementary Fig. 3a , in TDDFT (LC-wPBE) calculations, the site energy of the active chain cofactor CLA606 is greatly reduced in the presence of the protein environment, while its counterpart in the inactive chain CLA607 displays only a small decrease in its site energy. This observation from TDDFT calculations is consistent with the results obtained from ZINDO/S calculations (see Supplementary   Fig. 3b ). Moreover, two sets of calculations show reasonable agreement in the magnitude of site energy difference due to the presence the protein environment for CLA606 and CLA607 (see Supplementary Fig. 3c) . As a control, we have also performed the same calculations on a different pair of cofactors CLA604 and CLA605.
Again, the TDDFT calculation results agree well with those from ZINDO/S.
Specifically, the protein environment has very small effect on the site energies of these two cofactors (see Supplementary Fig. 3 ). Due to the limitation of computing resources, the site energy of each cofactor in TDDFT calculations is obtained from 25
representative MD conformations.
The hybrid QM/MM method with the TDDFT theory has been successfully applied to compute the site energies of cofactors in photosynthetic systems 25 . However, since TDDFT is computationally much more expensive than ZINDO/S, the semi-empirical ZINDO/S method may still be a more feasible choice for the investigation the effect of dynamic protein conformational ensemble on the site energies, where thousands of conformations are used to obtain the site energy of each cofactor in the PSII reaction site. ZINDO/S has already been extensively used in previous studies to compute low lying optically allowed excited states of pigment in various photosynthetic systems 8, [13] [14] [15] [26] [27] [28] [29] [30] .
To investigate if our MD simulations (at 20ns) were sufficiently long to provide a reasonable protein ensemble for the site energy calculations, we have extended two of the MD simulations to 100ns and selected 500 MD conformations to re-compute the site energies from the last 5ns of these two simulations. As shown in Supplementary   Fig. 4 , the results are consistent with our previous calculations using 20ns MD simulations. In particular, the protein environment can largely reduce the site energy of CLA606 in the active chain, but has minor effect on its counterpart CLA607 in the inactive chain (see Supplementary Fig. 4b ). On the other hand, the protein environment has little effect on the site energy of CLA604 (active chain) and CLA605
(inactive chain). From these observations, we conclude that the conformations we selected in our site energy calculations represent a reasonable protein structural ensemble.
Our calculations show that the site energy of CLA606 is the lowest among all the cofactors in the RC and this is consistent with previous studies [31] [32] [33] [34] [35] [36] to obtain the site energies by fitting to experimental spectra. However, we also notice that our calculations of the excitation energies for other cofactors, especially for PHO608 and CLA610 show differences from the previous theoretical analysis. We believe that these discrepancies may arise from the comparison of two different protein systems;
i.e., the minimal scaffold PSII (denoted also as D1-D2-cyt559) in experiments, versus the whole PSII complex in our simulations. Experimental spectrums of PSII are acquired for the minimal scaffold. Thus, the excitation energies derived by fitting to experimental spectrums are applied for this simplified PSII central complex where the arrangement of various protein domains could be different to the full PSII complex.
Unfortunately, MD simulations on the minimal scaffold D1-D2-cyt559 are unfeasible now due to the lack of a crystallographic structure. In our work the MD simulations were performed on the whole PSII complex, based on its most recent X-ray crystallography structure, which includes protein subunits (such as the core antenna CP47 and CP43) that are not present in the minimal scaffold of PSII used in spectroscopic experiments and the subsequent theoretical analyses. We believe that the presence of these subunits may significantly perturb the PSII conformations.
Consequently, the interactions in the whole PSII complex are likely to be different from those in the minimal scaffold. Therefore, we believe that it is reasonable to find some differences in the excitation energies calculated by using our method on the whole PSII complex and those values calculated by fitting to the spectrum of D1-D2-cyt559.
Protonation State of Charged Residues
We found that a few charged residues work collectively to reduce the site energies of CLA606 (see Fig. 6 ). However, the buried charged residues could have large pKa shift and thus take non-standard protonation states. In some cases, the protonation states may even vary under different protein conformations. In order to investigate the protonation states of charged residues, we have performed pKa calculations for all the ARG, LYS, ASP, GLU and HIS residues within 22Å of the eight reaction center cofactors using the MCCE software 37 . In order to examine the effect of dynamic protein conformational ensemble on the protonation states of these residues, we have Table 4) .
For HIS337, the MCCE program suggests a positively charged protonation state (HIP), while we used a neutral form (HIE). The crystal structure shows that HIS337 is one of the coordination ligands of the OEC complex, and this coordination is through the N atom of the histidine. Therefore, it is crucial for HIS337 to adopt a neutral protonation state and leave the N atom for its interaction with the OEC complex.
For HIS92 and HIS304, we have performed calculations of site energies with the suggested protonation states (HIP) by the MCCE program. As shown in Supplementary Fig. 5 , the alteration of the protonation states for residue HIS92 and HIS304 has negligible effect on the site energy of the nearby cofactors: CLA610 and CLA607 respectively. We also noticed that the locations of these two residues are at least 10Å away from any cofactor. These observations suggest that the protonation states of these two histidine residues may not play a large role on determining the cofactors site energies.
In order to investigate the effect of dynamic protein conformational ensemble on the protonation states, we have also computed the probabilities of the predictions from the MCCE program that match with our MD simulations (see Supplementary Fig. 6 ).
The results indicate that the predicted protonation states for all the ARG and LYS residues do not vary with conformations and agree with our MD simulations. For GLU and ASP, their protonation states display small variations, but in general agree well with those used in our MD simulations (over 80% except GLU189). For GLU189, the MCCE predicts that it has a small probability (30%) to adopt the protonated form, different from that used in our MD simulations. We noticed that this residue also coordinates with the OEC complex, where a protonated form may not be favored since it may increase the steric effect and reduces the ability to form the coordination. For HIS, similar results with GLU and ASP are obtained except the three residues (HIS92, HIS304, and HIS337), which we have discussed in the previous paragraph. The above results show that our MD simulations adopt a reasonable set of residue protonation states for the subsequent site energy calculations.
Coupling strength calculations
We employed the Transition Charges from Electrostatic Potentials (TrEsp) method 38, 39 to determine the coupling strength between the cofactors (see Equation (1) in the main text). The TrEsp approach has been widely applied to other photosynthetic systems [13] [14] [15] [16] 27, 40 .
In Equation (1), the atomic transition charges q I T (q J T ) were calculated following a similar scheme used before 38 : (1) The geometry was optimized by a DFT method with B3LYP functional and 6-31G** basis set; (2) The same TDDFT [41] [42] [43] [44] [45] method was used to calculate the transition charges by fitting to the excitation transition density using the CHELPG scheme 46 . The Gaussian03 program 47 was used for all the DFT calculations and the calculated transition charges were listed in Supplementary Table   5 Our results showed that the coupling strengths between all the pairs of cofactors were smaller than 20meV. The strongest coupling at ~15meV was observed between the "special pair" (P D1 -P D2 ), which agree well with the experimental data of 10meV~20meV [48] [49] [50] [51] [52] . It is clearly shown that the coupling strength of the special pair was not significantly greater than other pairs, which explained the serious overlap in the absorption spectrum of the PSII complex [48] [49] [50] [51] [52] . The coupling strengths from our calculations were similar to the previous calculations using different methods 35, 38, 39, [52] [53] [54] (see Supplementary Fig. 7 ).
